Hadronization of heavy quarks reveals various unusual features. Gluon radiation by a heavy quark originated from a hard process, ceases shortly on a distance of the order of few fm. Due to the dead-cone effect a heavy quark radiates only a small fraction of its energy. This is why the measured fragmentation function D(z) peaks at large z. Hadronization finishes at very short distances, well shorter than 1 fm, by production of a colorless small-size Qq dipole. This ensures dominance of a perturbative mechanism and makes possible factorization of short and long distances. The latter corresponds to final state interactions of the produced dipole propagating through a dense medium. The results provide good description of data on beauty and charm suppression in heavy ion collisions, fixing the transport coefficient for b-quarks about twice smaller than for charm, and both significantly lower that the values determined from data on suppression of high-pT light hadrons. We relate this to reduction of the QCD coupling at higher scales, and suppression of radiation by the dead-cone effect.
Initial state interactions (ISI) in heavy ion collisions are usually associated with the early stage, excluding interactions with the products of the collision (partons and hadrons), which are attributed to final state interactions (FSI). The ISI stage is subject to shadowing effects, which might essentially suppress heavy quark production. The magnitude of these effects was evaluated in [1] . The main part of the suppression was found to come from leading twist gluon shadowing. The higher twist contribution, suppressed by the inverse quark mass squared, is much smaller, but still important for charm production, while is vanishingly small for production of beauty. The total shadowing effect was found in [1] rather strong, reducing the p T -integrated charm and beauty production rate at c.m. energy √ s = 5.5 TeV to about a half of its original value.
Such a strong ISI suppression of heavy flavors comes mostly from small transverse momenta of the QQ pair, below the saturation scale, while the shadowing effects fade away at higher transverse momenta p 2 T > Q 2 s , where the saturation scale Q 2 s was evaluated in [2] . Usually, the ISI and FSI stages are assumed to factorize, i.e. to contribute to the cross section as a product of probabilities of two processes. Frequently such an approximation fails, in particular, when the ISI stage is lasting longer than the onset of the FSI stage. Then the effects of coherence create links between the two stages. In particular, we will show that at large transfer momenta the produced heavy quark Q neutralizes its color picking up a light antiquarkq, producing a colorless heavy-light Qq dipole, at a very short time interval [3] . On the other hand, the formation time of the meson wave function might be long, considerably exceeding the dimension of the created dense medium.
Production of open heavy flavors with high transverse momenta can serve as a probe for the properties of the hot medium created in heavy ion collisions. The popular energy loss scenario is based on the unjustified assumption of a long hadronization length, exceeding the dimension of the medium. Since radiative energy loss by heavy quarks was found significantly reduced in comparison with light quarks by the dead cone effect [4] , production of heavy flavored mesons was expected to be considerably less suppressed. However later measurements (see e.g. [5, 6] ) did not confirm this expectation, what was especially puzzling for B-mesons.
We propose a natural mechanism, explaining the observed suppression of high-p T heavy flavored mesons, basing on study of the space-time development of the production process. First of all, we conclude that the production time, i.e. the time interval starting from the hard collision producing the heavy quark, up to its color neutralization, which stops energy dissipation for gluon radiation, 1 is extremely short, as was demonstrated recently in [3] .
In the case of hadronizing light quarks, the time of color neutralization is quite short [8] and the produced colorlessdipole has to survive propagating through the dense medium before being projected to the wave function of the final hadron. Thus, color transparency, rather than induced energy loss, becomes the major phenomenon controlling the FSI effects in production of high-p T light hadrons in AA collisions [8] [9] [10] [11] .
However, for heavy flavor production the suppression mechanism undergoes essential modifications. Survival of the produced Qq is not an issue anymore, because after a break-up the heavy quark Q easily picks-up another light q without any essential loss of energy, carried mainly by the heavy quark. Thus, the survival probability of a Qq dipole is close to unity, and it is easily transpassing the dense medium up to the periphery. This paper is organised as follows. Section II presents the main features of heavy quark hadronization in vacuum. The dead-cone effect leads to a rather short time of radiation of the full spectrum of gluon, which take away only a small fraction of the quark energy. In section II B we relate the production length distribution directly to the measured fragmentation function. The production length turns out to be exceptionally short, much shorter that 1 fm. This observation allows to factorize inmedium hadronization to short-length perturbative stage and long-range final state interaction in the medium. The latter is studied in section III. The crucial features of a heavy-light dipole propagating through a medium, which affect the resuls, are fast expansion and large size of heavy flavored mesons. The results are compared with data in section IV, allowing to determine the transport coefficient, which turnes out to be much smaller for B-than for D-production. And both are considerably smaller than has been found for light hadron. This peculiar result is interpreted in section IV A.
II. HADRONIZATION OF HEAVY QUARKS IN VACUUM

A. Regeneration of the color field
A parton originated from a hard reaction is lacking a color field with transverse momenta (relative to the quark momentum) up to the hard scale of the process, k 2 T < Q 2 = q 2 T +m 2 Q , where q T and m Q are the quark transverse momentum and mass respectively. Regeneration of the color field is accompanied by gluon radiation, forming a jet of hadrons. These gluons are carrying a part of the total jet energy, and since the radiation process has time ordering, it can be treated as energy dissipation, or vacuum energy loss. The coherence length of gluon radiation by a heavy quark of energy E has the form,
where x is the fractional light-cone (LC) momentum of the radiated gluon, and k T is its transverse momentum relative to the jet axis. Thus, gluons are radiated sequentially, rather than burst simultaneously. First of all are radiated gluons with small longitudinal and large transverse momenta, while gluons with small radiation angles get to mass shell later. The peculiar feature of radiation by a heavy quark is the quick regeneration of the field, compared with light quarks. This is related to the specific radiation spectrum,
(2)
Remarkably, while the radiation spectrum of light quarks peaks (is divergent) at small k T , the spectrum Eq.
(2) excludes gluons with small k T xm Q . This is known in the literature as dead cone effect [12] . Coherence length (1) of such large-k T gluons is short, while gluons with small k T , which have long production length are suppressed. Therefore we expect short time of radiation and prompt regeneration of the field by heavy quarks. Moreover, since considerable part of the radiated energy is carried by low-k T gluons, which are suppressed, only a small fraction of the quark energy is radiated, in contrast to light quark jets. These distinctive features of heavy quarks can be checked by direct calculations.
The amount of energy, radiated along the quark path length L from the hard collision point can be evaluated imposing a requirement that only those gluons contribute, whose radiation length Eq. (1) is shorter than L. It is given by the following integral of the radiation spectrum Eq. (2) [9, 13, 14] ,
where ω is the gluon energy. Examples of length-dependent fractional radiated energy for light and heavy quarks are shown in Fig. 1 . We see some specific features of L-dependence of the fractional radiational energy loss in vacuum: (i) in contrast to light quarks, which continue radiating long time over hundred Fermi, radiation of heavy quarks ceases shortly on a distance of the order of 1 fm (depending on energy). This means that heavy quarks quickly complete the field restoration process. (ii) The full fraction of radiated energy by heavy quarks is rather small. E.g. for b-mesons this faction ranges from 10 to 35 % for quark energies 10-100 GeV. These plots also reveal another peculiar feature of vacuum radiation. In spite of expectation, at the early stage of radiation process all species of quarks radiate universally. This is a consequence of the step function Θ(L−L g c ) in Eq. (3), which creates another, even wider dead cone [14] , leading to a suppression of gluon radiation with sufficiently low transverse momenta,
This bound is practically independent of the quark mass, so heavy and light quarks radiate similarly for a while. However, the bound (4) relaxes gradually with time, reaching the magnitude k 2 T ≈ x 2 m 2 q characterizing the heavy quark dead cone, at the distance
At longer path length the dead cone related to the heavy quark mass becomes effective, and the heavy and light quarks start radiating differently. The characteristic distance Eq. (5) for b quarks is an order of magnitude shorter than for c, and both rise linearly with jet energy.
B. Production of heavy-flavored mesons
For the sake of concreteness, in what follows we consider mostly b-quarks and B-mesons. Extension to D mesons is straightforward.
As long as only a small fraction of the initial energy is radiated by a heavy quark, the final B (D) mesons carry almost the whole momentum of the jet. So the fragmentation function D b/B (z) should be concentrated at large values of z, which is the fractional LC momentum of the B meson.
This expectation is confirmed by the direct measurements of the fragmentation functions c → D and b → B in e + e − annihilation [15, 16] . An example of the b → B fragmentation function is depicted in Fig. 2 . Indeed, it shows that the distribution strongly peaks at z ∼ 0.85. On the contrary, the fragmentation functions of light quarks to light mesons are known to fall with z steadily and steeply from small z to z = 1 [17] .
If a B meson (in fact a small-size bq dipole) is produced at the distance L p , called production length, its momentum is preserved and the final B-meson acquires this momentum, which is nearly equals to the momentum of the b-quark. Indeed, the fractional LC momentum of the light antiquark is very small, α ≈ m q /m b , i.e. about 5%. The colorless dipole produced at L = L p stops radiating and does not dissipate energy any more.
As far as the rate of radiational vacuum energy loss dE/dL is known, Eq. (3), one can relate the differential production length distribution
where the production length distribution and the fragmentation function are normalized to unity, ∞ 0 dL p dW/dL p = 1 and
The rate of LC momentum loss is related to energy loss in accordance with p b
Thus, one can extract the production length distribution directly from data for D b/B (z) calculating the shift of fractional momentum ∆z(L) acquired on the path length L. The resulting production length distribution dW/dL p vs L p is depicted in Fig. 3 for different transverse momenta of B mesons. Fig. 3 clearly demonstrates that the mean value of L p decreases with rising p T , like it also happens for production of high-p T light hadrons [8] .
III. IN-MEDIUM FRAGMENTATION
Amazing shortness of the production length L p in pp collisions, demonstrated in Fig. 3 guarantees that the medium does not affect the L p distribution in heavy ion collisions. The medium is not created momentarily at the moment of hard N N collision producing heavy quarks. The characteristic time of medium creation is usually estimated at t 0 ∼ 0.5 − 1 fm. This implies factorization of short and long distances in the cross section of B production in collisions of nuclei (taken identical for simplicity) with impact parameter s,
is the integral of the nuclear density ρ( r) along the collision axis. The differential cross section of B and D-meson production in pp collisions was calculated in [18] .
Factorization property explicitly divides the two stages:
(i) production process of a bq dipole, and (ii) the transition probability of the b-quark V bq→B (p T , p T , s, τ , φ) through the medium. The b-quark starts propagation as a constituent of the bq dipole, and after propagation and interaction in the medium, finally ends up as the detected B meson with transverse momentum P T .
A. Transition probability V Qq→B
As was explained earlier, the bq dipole, crated at the distance L = L p from the production point, stops radiating gluons and propagates in vacuum without energy loss. This is why p T of the produced B-meson coincides with the initial p T of the bq dipole. However, at the early stage of bq evolution the b quark is still virtual and keeps radiating gluons, regenerating its color field. However, this radiation is absorbed by the co-moving antiquarkq, so that the dipole momentum remains unchanged. Such a process of intrinsic radiation is illustrated in Fig. 4 . Apparently, this process corresponds to the unitarity cut of aReggeon in elastic scattering of a B-meson, and the radiated gluons give rise to reggeization of theexchange. Thus, the b-quark, being a constituent of the bq dipole, keeps losing energy like in vacuum, sharing it with the accompanying light antiquark. Fig. 1 shows that energy loss by a B-quark as function of path length ceases shortly, and the quark propagates further like a free particle without radiation. Of course such a behavior contradicts confinement, which was missed within the perturbative treatment of energy loss. We add nonperturbative energy loss basing on the string model, which provides the rate of energy loss dE str /dL = −κ, where κ ≈ 1 GeV/ fm is the string tension in vacuum. It also participate in sharing the energy inside a bq dipole among the constituents.
The full rate of energy loss due to both perturbative and nonperturbative mechanisms reads,
However, the magnitude of the string tension, and even its very existence, depends on the medium temperature.
We rely on the model [19] [20] [21] based on the lattice simulations for temperature dependence of the string tension,
where the critical temperature is fixed at T c = 280 MeV. The medium cools down with time and towards the medium periphery, so the string tension rises up to its vacuum value.
The small-size bq dipole is promptly evolving to lager sizes. Such a dipole has no certain mass, but can be expanded over the eigenstates of the mass matrix, i.e. physical states with certain masses ranging from very heavy M ∼ m 2 b + p 2 T down to m B . As was mentioned above, a heavy-light dipole is very asymmetric, the light quark carries a tiny fraction of the dipole momentum. This means that while the heavy quark momentum is directed forward, the light slow quark is directed at a large angle, causing a rapid size expansion. This is confirmed later by Eq. (14) . The size of a Qq meson, controlled by the light quark mass m q , is large, r ∼ 1/m q . E.g. the B-meson is nearly as big as pion, r 2 ch B = 0.378 fm 2 [22] . Apparently the mean free path of such a large dipole in a dense medium is short. Namely, the mean free path is given by
where r 2 T = 8 r 2 ch /3. The so called transport coefficientq is the rate of broadening quark transverse momentum in the medium (see Sect. ??).
As an example, for a typical value ofq = 1 GeV 2 / fm the mean free path of a B-meson is L f ree = 0.04 fm, i.e. the b-quark propagating through a hot medium, frequently loses the co-moving light antiquarks, and picks up a new one, over and over again. Important is that b keeps the same energy loss, whether it is free, or inside a colorless dipole. After the last breakup and recreation at distance L p from the original production point, the bq dipole survives, propagating through the rest of the medium and is developing the B-meson wave function.
Apparently, this happens mostly on the diluted medium periphery, therefore L p in general is rather long, several Fermies. The total energy loss is given by
where the rate of energy loss is given by Eq. (9) . Correspondingly, the momentum loss is ∆p
Thus, the transition of the bq dipole, primarily produced in an N N hard collision, into the detected Bmeson, is strongly affected by propagation through the medium, which causes attenuation of the dipole, as well as energy loss. Correspondingly, the transition probability can be represented as,
where the term V 1 describes the rare situation when the primarily produced bq dipole manages to propagate through the medium without interactions and to switch into a B-meson with no momentum loss. Correspondingly,
Hereq is the transport coefficient, the parton broadening rate, which depends on the path length l and geometry of the collision and the trajectory, s, τ , φ. The transverse dipole separation squared, r 2 bq (l) is evolving as function of path length, starting from the small initial size, r 2 bq (
Then it rises as [11] ,
At small fractional LC momentum of the light quark, α ≈ m q /m Q , the characteristic expansion (formation) length is,
where r 2 M is the mean square radius of either B or Dmesons. At this distance the dipole separation reaches the meson size, and we freeze this dipole size at longer distances in Eq. (13) .
The second term in (12) corresponds to one or more inelastic interactions of the bq dipole transpassing the medium. The last interaction and dipole breakup occurs at a distance L p from the origin. Correspondingly,
where ∆p T is the momentum loss, defined above.
IV. COMPARISON WITH DATA
Now we are in a position to calculate the suppression factor R AA ( s) of heavy flavored mesons produced with high p T in a nuclear collision with relative impact parameter s,
where T AA (s) = d 2 τ T A (τ )T A ( s − τ ); the differential cross sections d 2 σ pp /d 2 p T and d 2 σ AA /d 2 p T are given by Eq. (8).
The differential cross section of B-meson production, d 2 σ pp /d 2 p T was successfully calculate within the dipole approach in [18] . However we prefer here to rely on data and fitted to ATLAS [23] and CMS [24] experimental values as
with α B = 2.7 ± 0.1. Another option for getting the cross section of B production would be to employ available data on B-jets [25] , which give direct access to q T distribution of produced b-quarks, dσ/dq T ∝ 1/(q 2 T + m 2 b ) α b with α b = 2.55 ± 0.08. Data for D-jets from [26, 27] , parametrized by the same way, give α c = 2.64 ± 0.12.
As far as the quark production cross section is known, it is streightforward to calculate the meson p T distribution,
Analogously, for production of D-mesons in pp collisions data of ALICE [28] and CMS [29] were fitted with parametrization similar to (18) , dσ pp /dp T ∝ /(p 2 T + m 2 D ) α D with α D = 2.6 ± 0.1. We found excellent agreement of the directly measured and calculated cross section of B and D production.
For the transport coefficient, i.e. the broadening rate, along the trajectory of the produced b-quark through the dense medium, we employ the popular model [30] ,
where n part ( s, τ ) is the number of participants at transverse coordinates s and τ relative to the centers of the colliding nuclei. The falling time dependence, 1/t is due to longitudinal expansion of the produced medium. The time interval t 0 required for equilibrated medium production is poorly known, and even not well defined. We fixed it at the frequently used value t 0 = 1 fm. The path length l is related to the B-meson speed, l = v B t, where v B = p T / p 2 T + M 2 B is the B-meson transverse velocity. As far as we defined all the quantities, required for the nuclear ratio Eq. (17), the calculation becomes parameter-free, except the parameterq 0 , which is the maximal value of the transport coefficient at s = τ = 0 and t = t 0 . In fact, measurement of this parameter is the goal of such an analysis.
Medium-induced energy loss, including radiative and collisional mechanisms [31] , are added as well, although they are considerably smaller than vacuum radiative energy loss, especially for heavy quarks.
Comparison of calculated nuclear ratio R AA , Eq. (17) for B-meson production with data from ATLAS [5] and CMS [24] experiments on indirect production of J/ψ from B decays at √ s = 5.02 TeV is depicted in Fig. 5 for minimum bias events vs p T and vs centrality. The value of the parameterq 0 in (20) required to describe data, is found amazingly small,q 0 = 0.2 − 0.25 GeV 2 / fm, nearly order of magnitude smaller than for light quarks (see next section).
The approach developed here can also be applied to production of D-mesons. The results are compared with data in Fig. 6 vs p T and centrality. Notice that c-quarks radiate in vacuum much more energy than b-quarks, while the effects of absorption of cq and bq dipoles in the medium are similar. Therefore, D-mesons are suppressed in AA collisions more than Bmesons.
Another remarkable distinction is a flat p T -dependence of R AA (p T ) for B-mesons compared with the steep rise of D-meson rate observed in our calculations, confirmed with data. This is a result of the interplay of the effects of color transparency (CT) and formation length.
The observed steep rise with p T of R AA (p T ) for light hadrons and J/ψ is well explained by the CT effect [32] . Indeed, the initially produced small-size dipole is then expanding making the medium more opaque. At small p T , which is the momentum of the dipole in the medium rest frame, the time of expansion, i.e. formation time is short, causing strong suppression of production rate. However, at large p T Lorentz time dilation "freezes" the small initial dipole size for a longer time interval, making the medium more transparent due to CT. This is why R AA (p T ) steeply rises.
However, a heavy-light Qq dipole expands quickly to large hadronic size, on a short path length given by (15) . Then, CT has no effect on the survival of the dipole, this is why R AA (p T ) is levelling off. Nevertheless, the formation length Eq. (15) rises with p T and at higher pT CT is again at work and R AA starts rising.
If the typical path length in the medium is L path ∼ 5 fm, the transverse momenta required to reach the comparable value L f ∼ L path are p T ∼ > 40 GeV for b-quarks and p T ∼ > 10 GeV for c-quarks. Thus, onset of the CT regime for B-mesons is delayed compared with D-mesons, as we see in upper plots of Figs. 5 and 6.
A. Transport coefficient for heavy flavors
The values ofq 0 required to adjust the results of calculations to data depicted in Figs. 5, 6 areq b 0 = 0.20 − 0.25 GeV 2 / fm for B-meson andq c 0 = 0.45 − 0.55 GeV 2 / fm for D-meson production. This is significantly less than was found from data on high-p T production of light hadrons,q 0 = 2 GeV 2 / fm and0 = 1.6 GeV 2 / fm at √ s = 2.76 TeV and 200 GeV respectively [32] . We see that the transport coefficient, measured by heavy quarks, is remarkably low.
Reduction ofq probed by charm has already revealed earlier. The analyses of J/ψ suppression performed in [33, 34] foundq c 0 = 0.3 − 0.5 GeV 2 / fm in gold-gold collisions at √ s = 200 GeV, which is quite consistent with present results forq 0 at LHC. Such an agreement looks nontrivial, since the mechanisms of suppression of J/ψ and D-mesons have so little to do in common.
Apparently the transport coefficient is not an universal characteristics of the hot medium created in heavy ion collisions, and for good reason. The transport coefficientq is the rate of broadening of a parton propagating through the medium, therefore it depends on kinematics and vary for different species of probing partons. In the dipole approach broadening is calculated as [35] ,
where ρ is the density of the medium (QGP). The dipole cross section σ QQ is suppressed for heavy quarks for many reasons. First, the radiative part of the cross section, which provides its rise with energy, is suppressed by the dead cone effect, as was discussed above. The small-k T part of gluon spectrum, which is divergent for light quarks and provide an essential contribution to rising energy dependence, is suppressed for heavy flavors. Even omitting the radiative part, in the Born approximation, the dipole cross section is proportional to α 2 s (4m 2 Q ). The coupling is α s = 0.195 for b and α s = 0.27 for cquarks [36] . Thus we get σ bb twice suppressed compared with σ cc . This difference well explains the hierarchy of q 0 values for heavy quarks found in our analysis.
Comparison with light quarks is more involved, because the QCD coupling is unknown at low scale. In the Gribovs theory of confinement [37, 38] the distance 0.3 fm should correspond to the critical regime related to breaking of chiral symmetry. Namely, at smaller distances, a perturbative quark-gluon basis is appropriate, while at larger separations quasi-Goldstone pions emerge. The corresponding critical value of the QCD running coupling was evaluated at α s = 0.43 [37, 38] .
The standard phenomenological way to extend α s (Q 2 ) down to small values Q 2 → 0 is to make a shift in the argument, Q 2 ⇒ Q 2 + Q 2 0 . The value Q 2 0 = 0.25 GeV 2 was estimated in [39] . This leads to the soft limit of α s close to the above critical value.
With this value of α s the magnitudes ofq 0 for b and c quarks are suppressed in comparison with light quarks by factors 5 and 2.5 respectively. This agrees pretty well with the extracted values ofq 0 . Notice that the radiational part of the light quark dipole cross section, σ(r) is not negligible. Its addition should further improve the relations between transport coefficients probed by light and heavy quarks.
V. SUMMARY
The present study of heavy quarks production in heavy ion collisions led to significant observations and results.
• Gluon radiation by a heavy quark traced as function of path length, ceases shortly on a distance of the order of 1 fm (depending on energy).
• The full amount of radiated energy by a heavy quark is a small fraction of the quark energy. Therefore B-meson has to carry the main fraction of the B-jet momentum. Indeed the fragmentation function D b/B (z) measured in e + e − annihilation peaks at large z → 1. Similar behavior was observed for charm.
• After color neutralization a colorless dipole bq does not radiate anymore. The production length L p distribution is directly related to the experimentally measured fragmentation function D b/B (z), so is unambiguously determined. The mean production length turned out to be extremely short, fractions of fm. Therefore B meson (bq dipole) is produced perturbatively. • Important consequence of shortness of L p is factorization of the production process to the independent stages of perturbative creation of a bq dipole and its FSI in the hot matter.
• The only unknown of this analysis, and its goal, is the transport coefficientq. Its maximal value was foundq 0 = 0.2 − 0.25 GeV 2 / fm for B-mesons, and q 0 = 0.45 − 0.55 GeV 2 / fm for D-mesons.
• These values are several times less than what was found in analysis of high-p T light hadron. We explain this by running QCD coupling to a higher scale, and by dead-cone suppression of the radiative part ofq.
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